1. Introduction {#sec1-molecules-25-03159}
===============

The field of nanotechnology has attracted the attention of scientific community worldwide. The advancement in the field in form of different nanoscale chemical structures such as magnetic nanoparticles, quantum dots, fullerenes and metallic nanoparticles (less than 100 nm in dimension) have gained a lot of attention in the medical, electronic and material sciences. It was December of 1959, when Nobel Laureate Richard Feynman introduced the concept of nanotechnology in a lecture at the California Institute of Technology \[[@B1-molecules-25-03159]\]. In the following years a lot has been done in the field to explore many aspects of nanomaterials and the engineering of these small nano-surfaces, in terms of their chemical composition, surface chemistries, binding ligands, antibodies for specific activities and reduction of toxicity \[[@B2-molecules-25-03159]\]. Some nanomedicines have been approved by the U.S. Food and Drug Administration (FDA) and many others are in their final development stages \[[@B3-molecules-25-03159]\]. Magnetic resonance imaging (MRI) contrast agents as such Sinerem^®^ designed using superparamagnetic iron oxides (SPIO) for lymph node imaging after promising initial data, failed to demonstrate consistent and statistical significant benefit for sensitivity in the pivot study \[[@B4-molecules-25-03159],[@B5-molecules-25-03159],[@B6-molecules-25-03159]\], whereas, ferumoxytol, an ultra-small iron oxide nanoparticle approved to treat iron deficiency (anemia) in adults with chronic kidney disease resulted in no anaphylaxis. Also no life threatening adverse events were recorded \[[@B7-molecules-25-03159]\] and hence ferumoxytol is available for safe usage within FDA approved guidelines \[[@B8-molecules-25-03159]\].

Magnetic nanoparticles (MNPs) are a branch of nanoparticles made up of pure metals, metal alloys and metal oxides \[[@B9-molecules-25-03159],[@B10-molecules-25-03159],[@B11-molecules-25-03159]\]. Iron oxide MNPs are the most preferable nanomaterials in medical sciences, due to their features of minimal toxicity, and excellent physiochemical properties such as superparamagnetism, stability in aqueous solutions and biocompatibility \[[@B9-molecules-25-03159],[@B11-molecules-25-03159],[@B12-molecules-25-03159],[@B13-molecules-25-03159]\]. The stability of the magnetic response of iron oxide is attributed to its low sensitivity to oxidation \[[@B14-molecules-25-03159]\]. Also, size control, prevention of aggregation by coating, specific interaction and dispersion, penetration of cell and tissue barriers all provide iron oxide MNPs an edge over other metal nanoparticles. Iron oxide MNPs provide a platform for theranostics, where they can be exploited for their contrast agent qualities in magnetic resonance imaging diagnostics, as well as for therapeutics in the form of drug delivery platforms inside the body, bio-catalysis, protein purification and magnetic cell separation \[[@B9-molecules-25-03159],[@B15-molecules-25-03159],[@B16-molecules-25-03159]\].

A lot of methods have been proposed for the synthesis of magnetic nanoparticles, such as co- precipitation, reverse micelles synthesis, microemulsions, thermal decomposition or reduction, hydrothermal synthesis and laser pyrolysis \[[@B9-molecules-25-03159],[@B14-molecules-25-03159],[@B17-molecules-25-03159],[@B18-molecules-25-03159]\]. After the synthesis of pure MNPs, in order to make them uniformly disperse in solvents and be more biocompatible, different polymers and surfactants, e.g., polyethylene glycol (PEG) \[[@B19-molecules-25-03159],[@B20-molecules-25-03159]\], dextran \[[@B21-molecules-25-03159],[@B22-molecules-25-03159]\], polyvinyl alcohol (PVA) \[[@B23-molecules-25-03159],[@B24-molecules-25-03159]\] starch, chitosan, oleic acid and sodium dodecyl sulphate (SDS) coatings have been applied \[[@B12-molecules-25-03159],[@B15-molecules-25-03159],[@B25-molecules-25-03159],[@B26-molecules-25-03159]\], respectively. Many studies have documented the features of nanoparticles such as large surface to volume ratio, rendering them more biologically reactive \[[@B27-molecules-25-03159],[@B28-molecules-25-03159],[@B29-molecules-25-03159]\], because a large surface area in turn provides a huge number of active sites for interaction, which may in turn yield unfavorable responses \[[@B29-molecules-25-03159],[@B30-molecules-25-03159],[@B31-molecules-25-03159]\].

It is therefore important to understand the toxicity of MNPs, as it depends on numerous factors, e.g., size, shape, structure, surface modification, concentration, dosage, biodistribution, bio- availability, solubility, immunogenicity and pharmacokinetics \[[@B32-molecules-25-03159]\]. The large surface to volume ratio may favor interactions within various bodily components, if inhaled, absorbed or swallowed, also, the ability to cross cell barriers and resistance to biodegradation increase the toxic potential of these nano-entities \[[@B14-molecules-25-03159],[@B32-molecules-25-03159]\]. Toxicity studies should consider the underlying mechanism of acute as well as chronic toxicity, degradation of particulate products, any subsequent stimulation of reaction in defensive responses, inflammatory responses, metabolism and long term toxicity, and elimination in cellular as well as animal models \[[@B32-molecules-25-03159]\] (concepts are summarized in [Figure 1](#molecules-25-03159-f001){ref-type="fig"}).

In the current review paper, we aim to discuss the toxicity parameters of iron oxide MNPs which have been studied to date in cell lines, aquatic organisms and rodent animal models and have provided some concrete relevant results. We hope this review will allow researchers in this field to contemplate different parameters of toxicity analysis and define future directions for useful application in animal models, which can lead to much help in humans at later stages.

2. Formulation of Magnetic Nanoparticles {#sec2-molecules-25-03159}
========================================

Comprehensive arrays of magnetic materials are available. Iron oxide-based materials such as magnetite and maghemite are considered safe and are also currently in clinical use as MRI contrast agents \[[@B33-molecules-25-03159]\]. Iron-based metal oxides exhibit strong magnetic properties and are usually used for producing MNPs. Iron alone is susceptible to rusting and corrosion, hence cannot be used as a core material for the synthesis of MNPs without protective, strong and inert coatings. Magnetite (Fe~3~O~4~) and maghemite (γ-Fe~2~O~3~) are considered the most suitable materials for synthesis of MNPs. They differ in their iron oxidation states, which changes their physiochemical properties \[[@B34-molecules-25-03159]\]. Maghemite is also the most preferred material for the MNP cores because it is least likely to cause any health hazards and as iron (III) ions are already found in the human body, any percolation of the metal will not cause any substantial side-effects \[[@B35-molecules-25-03159]\]. To maintain the stability of nanoparticles in aqueous medium is a foremost challenge \[[@B36-molecules-25-03159]\]. The core of MNPs possess a high surface to volume ratio, and thus preventing the interaction of the MNP surface within the body during in vivo applications is necessary. For this purpose, coating MNPs is done to shield them from the surrounding environment with the help of natural (carbohydrates, proteins), synthetic polymers (polyethylene glycol (PEG), polyvinyl alcohol (PVA), polyvinyl pyrrolidone (PVP), poly lactic-co-glycolic acid (PLGA) and noble materials (gold, silver) \[[@B34-molecules-25-03159],[@B37-molecules-25-03159]\] to provide them better stability, sustainability and mechanical strength \[[@B36-molecules-25-03159],[@B38-molecules-25-03159]\].

Desirable Properties of Magnetic Nanoparticles
----------------------------------------------

Monodispersity (similar shape and size), superparamagnetism, biocompatibility, surface chemistry are some of the key desired properties of MNPs \[[@B32-molecules-25-03159]\]. The synthesis of MNPs with these particular qualities has been an active area of research for quite some time now \[[@B39-molecules-25-03159]\]. The synthesis of MNPs with controlled shape and size has been demonstrated in different studies \[[@B40-molecules-25-03159],[@B41-molecules-25-03159],[@B42-molecules-25-03159],[@B43-molecules-25-03159],[@B44-molecules-25-03159]\]. MNPs can be synthesized using various defined techniques, namely, hydrothermal synthesis, sol-gel reaction methods, microemulsion methods, electrospray synthesis \[[@B45-molecules-25-03159]\], chemical co-precipitation, thermal decomposition, solvothermal processes, sonochemical synthesis, microwave assisted synthesis, chemical vapor deposition, carbon arc, combustion, laser pyrolysis, \[[@B46-molecules-25-03159],[@B47-molecules-25-03159]\] spray pyrolysis, precipitation from solution, polyol method, green synthesis \[[@B48-molecules-25-03159]\], bacterial and microorganism synthesis (including magnetotactic bacteria and iron reducing bacteria) \[[@B49-molecules-25-03159],[@B50-molecules-25-03159]\] and electrochemical synthesis \[[@B48-molecules-25-03159]\]. Superparamagnetism is a characteristic of MNPs which depends upon the presence or absence of an external magnetic field. This magnetism phenomenon occurs in small ferromagnetic and ferrimagnetic nanoparticles; in these nanoparticles the magnetization flips randomly under the influence of temperature. The time between two flips is called the Neel relaxation time. In the absence of an external magnetic field if the time used to measure the magnetization of nanoparticles is more than the Neel relaxation time, the average magnetization appears to be zero, and the nanoparticles are said to be in a superparamagnetic state \[[@B51-molecules-25-03159]\]. According to the observations of Hofmann-Amtenbrink et al., ferromagnetic materials remain magnetised and exhibit strong attraction to magnetic fields, even after the removal of the external magnetic field \[[@B52-molecules-25-03159]\]. Superparamagnetism is important feature to avoid agglomeration and direct MNPs to site-specific locations inside the body. Superparamagnetism arises from the core magnetic material in the MNPs, which is more importantly based on the size of particle. Biocompatibility and surface functionalization are other requirements for MNPs to be stable during in vivo applications, which can be achieved by coating the core particle with different polymers \[[@B53-molecules-25-03159],[@B54-molecules-25-03159]\].

The small constituent units of monomers undergo polymerization to form polymers. On the basis of polymer chain structure polymers can be divided into linear, branched, cross-linked and networks \[[@B55-molecules-25-03159]\]. Polymers have unique properties, which are based on the binding of each molecule individually inside them. The process of chemical bond formation, under defined temperature and pressure conditions, make the single units of polymers bind in linear as well as branched manners, resulting in bending as well as stretching properties. Polymers can be categorized as natural as well as synthetic polymers, and biodegradable or not \[[@B56-molecules-25-03159]\]. Natural polymers tend to occur naturally in nature and synthetic polymers can be synthesized in the laboratory. Examples of some natural and synthetically formulated polymers are starch, gelatin, dextran, chitosan, cellulose and polyethylene glycol (PEG), polyvinyl alcohol (PVA), polyvinylpyrrolidone (PVP), poly (acrylic acid), poly(*N*-vinylpyrrolidine), polyanhydrides, polycaprolactone, poly(*N*-isopropylacrylamide) (NIPAAm), polypyrrole (PPy), poly(lactic-co-glycolic acid) (PLGA), polylactic acid (PLA), etc. \[[@B34-molecules-25-03159],[@B57-molecules-25-03159],[@B58-molecules-25-03159],[@B59-molecules-25-03159],[@B60-molecules-25-03159],[@B61-molecules-25-03159],[@B62-molecules-25-03159]\]. The polymers PLGA and PLA are FDA approved based on the simplicity of their particle formulation and non-toxic biodegradation products, which is why they are the most preferred in drug delivery particle formulations \[[@B59-molecules-25-03159],[@B63-molecules-25-03159],[@B64-molecules-25-03159],[@B65-molecules-25-03159]\]. These polymers are used to coat the unstable reactive surface area of MNPs for stabilize them for in vivo functions like drug delivery or gene delivery by adsorbing proteins or loading drugs \[[@B34-molecules-25-03159]\]. The superparamagnetic core of these fabricated molecules helps these molecules accumulate at a desired site with the help of an external applied magnetic field and unload the drug molecule at specific sites \[[@B34-molecules-25-03159],[@B66-molecules-25-03159],[@B67-molecules-25-03159],[@B68-molecules-25-03159],[@B69-molecules-25-03159],[@B70-molecules-25-03159]\]. Surface coating with PEG has been shown to reduce the interaction of MNPs with plasma proteins, decreasing the chances of internalization and clearance by macrophages \[[@B62-molecules-25-03159],[@B71-molecules-25-03159]\]. Noble metals such as gold (Au) and silver (Ag) are another class of materials which are used to coat MNPs. Gold nanomaterials which are assembled with magnetic iron oxides to provide gold-iron oxide hybrid structure molecules, offer benefits like good drug delivery, spin dynamics and plasmonic applications as gold nanomaterials possess various properties like catalysis, photothermal properties and plasmonic resonance \[[@B72-molecules-25-03159],[@B73-molecules-25-03159]\]. Similarly, silver-iron oxide hybrid nanomaterials when generated which demonstrated surface enhanced plasmonic resonance, antibacterial and catalytic properties \[[@B72-molecules-25-03159],[@B74-molecules-25-03159]\].

3. MNP Metabolism and Toxicity {#sec3-molecules-25-03159}
==============================

3.1. MNP Biodistribution and Metabolism {#sec3dot1-molecules-25-03159}
---------------------------------------

The surface chemistry and course of delivery of MNPs each influence their biodistribution patterns and circulation time in the body \[[@B62-molecules-25-03159]\]. MNPs which are more than 200 nm in size are known to be captured by the spleen via mechanical filtration, whereas MNPs of less than 10 nm can be removed through renal clearance, hence 10--100 nm is defined as an optimal range for administration for specific applications \[[@B17-molecules-25-03159]\]. The biodistribution patterns of these particles has been defined as 80--90% in liver, 5--8% in the spleen and 1--2% in bone marrow \[[@B75-molecules-25-03159]\]. The interaction and biodistribution of MNPs' surface and the mechanism of internalization inside cells and organs, metabolism and possible toxicity all depend on any surface modifications \[[@B17-molecules-25-03159],[@B76-molecules-25-03159],[@B77-molecules-25-03159],[@B78-molecules-25-03159]\]. In previous works Soenen et al. \[[@B33-molecules-25-03159],[@B34-molecules-25-03159]\] already conducted very systematic toxicity assessments of iron oxide nanoparticles of different sizes and surface functionalization at a cellular level. In this review, we wish to further review the literature on the potential toxicity caused by exposure to iron oxide nanoparticles of different sizes and surface functionalization at the cellular, tissue and whole organism levels (a side-by-side comparison is provided in [Table 1](#molecules-25-03159-t001){ref-type="table"}).

Fluorescent magnetic nanoparticles (FMNPs), when inhaled by ICR mice in low concentration 4.89 × 10^5^ ± 2.37 × 10^4^/cm^3^ and high concentration 9.34 × 10^5^ ± 5.11 × 10^4^/cm^3^ for four weeks in a nose-only exposure system, were found majorly in the liver, testis, spleen lung and brain indicating the crossing of the blood brain barrier (BBB) and blood testis barrier (BTB) \[[@B104-molecules-25-03159]\]. In another study when suspensions of MNPs were injected via the tail vein (10 mg Fe/mL) the biodistribution of iron and its clearance were demonstrated to be dependent on complex events and dynamics of iron concentration in different tissues with changes over time. Thus, injected iron did not caused long term changes in liver enzyme levels or oxidative stress \[[@B105-molecules-25-03159]\]. When polyethylene glycol-coated magnetic nanoparticles (PEG-MNPs) were injected in 1 mm diameter burr holes drilled in male Fisher 344 rats' skulls for intracerebral brain tumors the results suggested that liver biodistribution was less important in comparison to other studied MNPs and instead spleen biodistribution and sustained accumulation of PEG-MNPs raised toxicity concerns. The research group hence suggested a long time study to assess the toxicity risks \[[@B106-molecules-25-03159]\]. In a further study, intraperitoneal injection with 3-aminopropyl-triethoxysilane-coated magnetic nanoparticles (APTS-MNPs) into ICR mice showed the biodistribution of iron in various body tissues to change with time (analyzed at 1, 2, 3 and 4 weeks), where a greater fraction of iron was localized in the liver and spleen, not causing continuing changes in liver and kidney function with time and hence it was concluded they were safe for in vivo application usage, although the concluding remarks of the study suggested the work to be inadequate and suggested more investigations be done at a molecular level \[[@B107-molecules-25-03159]\]. The binding of MNPs to exogenous structures may cause different responses and influence their uptake and metabolism depending on the organ or cell type \[[@B108-molecules-25-03159]\]. A study demonstrated that CD301b molecules marked different set of MNPs in various organs which suggested involvement in systemic metabolism including the adipose tissue, skeletal muscle, colon, and pancreas \[[@B109-molecules-25-03159]\].

3.2. MNP Toxicity {#sec3dot2-molecules-25-03159}
-----------------

When considering the usage of MNPs for future healthcare applications, toxicity is the major area of concern, as not much exploration has been done in this area \[[@B108-molecules-25-03159]\]. Toxicity studies usually define the adverse effects in terms of physical, chemical and biological agents in tested animals and the environment \[[@B110-molecules-25-03159]\]. Also, the toxic nature of these particles can result in diminished therapeutic efficiency \[[@B111-molecules-25-03159]\] and migration and accumulation of MNPs in organs which can in turn activate inflammatory or immune responses \[[@B112-molecules-25-03159]\]. If these MNPs potentially enter inside the cell, the toxicity can affect the nuclear activities or cause leakage or blockage of cell membranes which can lead to adverse cell proliferation, viability and metabolic activity results \[[@B113-molecules-25-03159]\]. Therefore, studies of toxicity for all manufactured MNPs are required in all their dimensions (concepts are summarized in [Figure 2](#molecules-25-03159-f002){ref-type="fig"}).

4. MNP Toxicity In Vitro and In Vivo {#sec4-molecules-25-03159}
====================================

4.1. MNP Toxicity In Vitro {#sec4dot1-molecules-25-03159}
--------------------------

The safety valuation of MNPs on cell lines (in vitro) is an easy, simple and inexpensive method as experiment can be controlled consistently \[[@B114-molecules-25-03159],[@B115-molecules-25-03159]\]. MNPs toxicity of iron oxide nanoparticles (IONPs) have been linked to criteria like dose-dependency, time, surface modification \[[@B116-molecules-25-03159]\], concentration \[[@B117-molecules-25-03159],[@B118-molecules-25-03159],[@B119-molecules-25-03159]\], size \[[@B120-molecules-25-03159],[@B121-molecules-25-03159]\] and shape \[[@B122-molecules-25-03159]\] parameters. The higher the number of nanoparticles, the higher risk they possess for toxic effects \[[@B123-molecules-25-03159]\]. These assays need to be examined very carefully, because the interaction of nanoparticles can interfere with the cellular components and their basic activities causing inappropriate statistics \[[@B124-molecules-25-03159]\] for, e.g., if nanoparticle increases the generation of reactive oxygen species (ROS) that can in turn effect the activity of mitochondrial enzymes disturbing the results of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide MTT assay \[[@B123-molecules-25-03159],[@B125-molecules-25-03159]\]. On similar lines, it was demonstrated that classical dye based assessment MTT and neutral red (NR) assays generated misleading results because of the interactions between some nanoparticles and dyes \[[@B126-molecules-25-03159]\]. Some of the most used techniques in in vitro assays for analyzing cell viability, proliferations, differentiation are optical microscopy, electron microscopy, atomic force microscopy on the basis of image observations of nanoparticles internalization in the cells at very small scale range of nanometers, which can be further used to analyze data through, analytical software's such as ImageJ \[[@B127-molecules-25-03159]\]. Also, gene expression analysis \[[@B128-molecules-25-03159],[@B129-molecules-25-03159]\], proteomics, and metabolomics are new avenues facilitating to study the underlying mechanism of toxicity. Studying the cell on all these parameters is valuable for initial biocompatibility, MNPs-cell membrane interaction and aggregation testing and base indication of any physiological effect.

Spherical shaped Fe~3~O~4~ MNPs were characterized in a size range of 72.6 ± 0.6 nm. When tested in vitro to study the eryptosis indices as an analytical measure to see the effect on red blood cells (RBCs) in cellular membrane microstructure and cellular function, 25 µg/mL Fe~3~O~4~-MNPs caused noteworthy impairment to erythrocytes. Later when tested with female CD^®^ IGS Rats at 8 weeks of age Fe~3~O~4~ MNPs at a concentration of 12 mg/kg led to apoptosis of circulating erythrocytes in vivo. Overall, notable changes of Fe~3~O~4~ MNPs were able to cause changes in the mechanical properties of erythrocytes, with pathological changes in cell membranes, abnormal cytosolic calcium levels, and oxidative stress also triggering programmed cell death both in vitro and in vivo \[[@B79-molecules-25-03159]\]. In other study model, uncoated Fe~3~O~4~, Na-oleate-coated Fe~3~O~4~ (OC-Fe~3~O~4~), fluorescent rhodamine-labeled silica 25 nm and 50 nm (Fl-25 SiO~2~, Fl-50 SiO~2~), respectively, were used to evaluate toxicity parameters in BeWo b30 placental cell barrier model, through means of lactate dehydrogenase (LDH) leakage in the medium, at a concentration range of 75, 15, 3, 0.6 and 0.12 µg/cm^2^ for 4, 24 and 48 h. The results indicated that cytotoxicity of iron oxide was apparent at low doses after a short time of exposure in comparison to silica particles \[[@B82-molecules-25-03159]\]. Similarly, when uncoated MNPs and *n*-octyltriethoxysilane- coated MNPs were tested on PC12 (rat pheochromocytoma) and ReNcell VM (human neural stem cells), at a concentration of 0--64 µL for 24 h, the results indicated decreased cytotoxicity effects from coated MNPs. Uncoated MNPs had decreased association in PC12 cells but not in RVM cells. This study further indicated significant differences in cytotoxicity profiles in consideration of cell type or the presence of serum matter for nanoparticle toxicology studies \[[@B102-molecules-25-03159]\]. Besides, about 20--60 nm uncoated MNPs (1 ng/mL) were utilized to treat NRK-52E cell lines (rat, kidney). Via a comparative proteomics technique \[[@B130-molecules-25-03159]\], the results showed that the rat-related proteins were enhanced; meanwhile, glutathione-related proteins and chaperone proteins were enhanced to protect NRK-52E cell lines, avoiding apoptosis. These previous studies show that MNP treatment caused a reduction in reactive oxygen species (ROS), apoptosis, and protective proteins were also enhanced to resist apoptosis \[[@B131-molecules-25-03159]\].

In the next study, four different types MNPs, namely uncoated-magnetite MNPs (cationic), starch-magnetite MNPs, dextran-magnetite MNPs, uncoated-maghemite MNPs (anionic) were used for toxicity analysis on rat pheochromocytoma PC12 cells at concentrations from 0.01 to 0.5 mg/mL for 1, 2, 3, 24, 48 and 72 h. When an XTT test was performed for the analysis of cytotoxicity, the results suggested that different types of MNPs interact differently with cells. Uncoated magnetite particles did not enter the cells, just sitting on the outer surface. They showed no cytotoxic effect up to 0.1 mg/mL, whereas 51% cells remained viable at 0.25 mg/mL after 72 h. Starch magnetite particles formed non-homogeneous aggregates and a slight reduction in cell viability to 70% at 0.1 mg/mL was observed after 72 h. The trend remained the same for dextran-coated particles with a reduction in cell viability at a concentration of 0.25 mg/mL. Only the uncoated maghemite iron oxide nanoparticles demonstrated maximum interaction and penetration in cells with no cytotoxic effect at any tested concentration. The four groups examined here indicated the time of incubation and concentration of MNPs as toxicity-dependent criteria \[[@B90-molecules-25-03159]\]. Maghemite anionic nanoparticles when tested on human prostatic tumor cells (PC3), where they were internalized by the cells and concentrated within the vesicles. On exposure to an alternating current (AC) field, these nanoparticles generate heat from inside the cells. Results showed 44% of cells were killed within one-hour of air conditioning (AC) exposure at 700 KHz-31 mT. These findings pave the way for effective cell killing facilitated by intracellular magnetic hyperthermia. Magnetic labelling with anionic MNPs does not cause any detectable cytotoxicity \[[@B132-molecules-25-03159]\]. In accordance to both the mentioned studies, maghemite MNPs are suggested as safe as they did not produce any significant toxicity, even over longer time periods.

In one interesting study, MNPs-mediated magneto-mechanical stimulation of human primary adipose-derived stem cells that were exposed to variable magnetic field (MF) was shown to influence their adipogenic and osteogenic differentiation. Adipose tissue-derived stem cells (ADSCs) loaded with biocompatible magnetite nanoparticles of 6.6 nm in size and with an average load of 21 picograms iron/cell were exposed to variable low intensity (0.5 mT) and higher intensity magnetic fields (14.7 and 21.6 mT). The type, duration, intensity and frequency of the MF differently affected differentiation. Short time (2 days) intermittent exposure to low intensity MF increases adipogenesis, while a longer duration (7 days) exposure promotes osteogenesis. MNPs uptaken by ADSCs promote a shift towards an osteoblastic lineage. ADSCs- MNPs under MF exposure could thus be used for enabling osteoblastic conversion during cell therapy for systemic osteoporosis. Therefore, further in vivo studies are needed to discover ways to treat osteoporosis \[[@B133-molecules-25-03159]\].

Green and one-pot synthesis of bare and amino acid-coated MNPs was used for cytotoxicity studies on a HFF2 cell line at a concentration of 0.049, 0.073, 0.110, 0.165, 0.248 and 0.373 mg/mL for 72 h. Here no cytotoxicity was observed and MNPs were biocompatible with the cells \[[@B93-molecules-25-03159]\]. The synthesized MNPs were coated with a triblock copolymer (PEO-polyurethane-PEO), with two different chain sizes of 5 and 15 KDa and tested on different cells, namely human umbilical vein endothelial cells (HUVECs), human retinal pigment epithelial (HRPE), C4-2 metastatic human prostate adenocarcinoma cells, and PC3 prostate cancer cells. The results of the study indicated that the cytotoxicity of short chain copolymers is much higher in comparison to long chain polymers, and that the cause of toxicity is the polymer coating and not the magnetite core which is a desirable aspect for maintaining an increased amount of magnetic component for large magnetic moments \[[@B134-molecules-25-03159]\]. Dextran- and PVA-coated iron oxide MNPs when tested on brain-derived EC219 endothelial cells and murine N9 and N11 microglial cells did not cause cytotoxicity \[[@B135-molecules-25-03159]\]. Ferumoxtran-10, an ultra-small dextran-coated superparamagnetic iron oxide particle, did not show any toxic effect for human monocyte-macrophage interactions at a concentration of 1 mg/mL for over 72 h \[[@B136-molecules-25-03159]\]. After controlling the shape and size of nanoparticles coated with different concentrations of PVA and stirring a subsequent MTT assay specified that the biocompatibility of nanoparticles based on cell viabilities can be improved by increasing their r-ratio, irrespective of the stirring rate, which can lead to growth of particle hydrodynamic size and cause lower cell toxicity effects \[[@B122-molecules-25-03159]\]. To enhance their surface functionalization and surface charge features MNPs were coated with dextran, aminodextran, heparin, and dimercaptosuccinic acid (DMSA). These nanoparticles were then incubated with HeLa cells. The cationic dextran-coated MNPs provided efficient HeLa cell labeling for longer periods, detected using optical microscopy and did not alter the cell viability. On the contrary, anionic DMSA- coated nanoparticles were taken up by cells less efficiently and neutral charged nanoparticles were not taken up by cells. The research group concluded that nanoparticles with different surface charges are internalized by the cancer cells differently; also cationic MNPs show excellent properties for in vivo biomedical applications, such as cell tracking by MRI. \[[@B116-molecules-25-03159]\]. DMSA-coated MNPs when studied on NCTC 1469 non-parenchymal hepatocytes, had no significant effect on cell viability, oxidative stress, cell cycle or apoptosis at a concentration of 0.5 mg/mL \[[@B137-molecules-25-03159]\]. Both the studies with DMSA- coated MNPs indicate that a similar coating can also generate different results in accordance to the treated cell line.

4.2. MNPs Toxicity In Vivo {#sec4dot2-molecules-25-03159}
--------------------------

The interactions of MNPs inside biological systems are dynamic and complex \[[@B138-molecules-25-03159],[@B139-molecules-25-03159],[@B140-molecules-25-03159]\]. The size of MNPs plays a very crucial role once inside the body. MNPs of less than (\<10 nm) are removed through renal extravasation, whereas large particles (\>200 nm) are captured by the spleen \[[@B17-molecules-25-03159]\], therefore, MNPs in range from \~10--100 nm are the most preferred size to be used inside the body. Altogether, size, shape, surface charge and stability are some of the factors which determine the overall interaction of MNPs inside the body of the organism. The study of pharmacokinetic aspects like absorption, distribution, metabolism and excretion in the system of an organism is crucial to design nanoparticles with specificity towards cells and tissues, their metabolism and clearance criteria to understand the potential toxicity. Inside the body the MNPs can be absorbed through interactions with cells and other biological components; from there they can be distributed into various organs, and further metabolized. The most important biosafety phenomenon, which needed to be studied is how these MNPs interact and interfere with physiological iron metabolism after the degradation of these nanoparticles inside the body, as excessive accumulation of intracellular iron can damage the cellular components of cells such as proteins and nucleic acids.

4.3. MNP Toxicity in Invertebrates {#sec4dot3-molecules-25-03159}
----------------------------------

To evaluate the different aspects of MNPs, the need to start from the very basic level of the ecological pyramid is important, as these small organisms also play significant role in the ecological balance and food chains. These small model organisms may very well provide the direction of the research on testing of some specific small set criteria. In a study of Fe~2~O~3~ magnetic nanoparticles and arsenate (As (V)) synergistic effects were observed in *Ceriodaphnia dubia* (water flea). When exposed to MNPs, the bioaccumulation of MNPs increased with the increase in concentration up to 20 mg/L within a time period of 6 h, but later a decrease in accumulation of MNPs resulted due to settling and aggregation of nanoparticles. Also, no toxicity and mortality was observed for nano-Fe~2~O~3~ alone under any tested concentration in the study, but after the addition of As (V) the toxicity was enhanced \[[@B141-molecules-25-03159]\]. Similarly, when a toxicity evaluation was done comparing two types of MNPs (MNP and MNP integrated with zeolite) in mussels (*Mytilus galloprovincialis*) for 1, 3 and 7 days, both the MNPs induced changes in the animal physiology at a concentration range of 10 and 50 mg/L of iron oxide NPs and 50 and 100 mg/L of iron oxides incorporated with zeolite by causing oxidative stress in hemocytes of exposed mussels in comparison to control group. Also, increases in ROS, lipid peroxidation, DNA damage, ubiquitin conjugate, and protein carbonylation were observed on the 7th day with iron oxide incorporated zeolite NPs \[[@B142-molecules-25-03159]\]. Next, in another study the size effects on adsorption of hematite NPs was studied in *E. coli* cells. In this particular study it was specified that adsorption of hematite (α-Fe~2~O~3~) NPs (76 and 96 nm) on *E. coli* cells reached equilibrium faster (30--40 min) in comparison to small NPs which took 60--90 min. The decreasing size order rate in mg Fe/L was 98 nm \> 76 nm \> 53 nm \> 26 nm. The results obtained in this paper can be considered as a ground work for developing models to describe the thermodynamics and kinetic behavior of a range of NPs towards adsorption in microorganisms. This results obtained in this particular study used an amalgamation of Extended Derjaguin-Landau-Verwey-Overbeek (EDLVO) and Interfacial Forced Boundary layer (IFBL) theories to provide a quantitative method to define thne adsorption kinetics of hematite NPs on bacterial surfaces at the nanoscale \[[@B143-molecules-25-03159]\].

As stated earlier, toxicity studies in small invertebrate models is important because they are major elements of maintaining balance between ecological chain and the surrounding environment. Along these lines, a study presented the effect of iron oxide MNPs deterioration of the mutual relation between the fungus *Arbuscular mycorrhizal* and plants, where Fe~3~O~4~ MNPs were proved to be toxic to fungi at high concentrations of 10.0 mg/kg, with a destructive impact on the mutual interaction between fungi and plants with negative influence of the soil carbon accumulation and phosphorous cycling as well as a reduction in the amount of photosynthetic carbon left for fungi. These factors go against crop yield and soil fertility and hence a deeper evaluation is needed in terms of agriculture yields and maintain ecological balance \[[@B144-molecules-25-03159]\]. As discussed earlier regarding the coating of MNPs to make them more stable and compatible, a study used identical size (5--6 nm) IONPs with four different coatings of ascorbate (ASC-IONP), citrate (CIT-IONP), dextran (DEX-IONP) and polyvinyl-pyrrolidone (PVP-IONP) on water flea (*Daphnia magna*). The results stated that each IONP had individual effects but PVP-IONP demonstrated the lowest acute toxicity in comparison to other IONPs with the highest colloidal stability and low rate of accumulation and adsorption. The results from the paper also suggested that toxicity can occur due to a decrease in colloidal stability, release of ions from the core material and formation of ROS, but more importantly they discussed how the negative charge carrier coatings of ASC and CIT-IONP seems to be of lesser importance of being tested in vivo in comparison to in vitro \[[@B145-molecules-25-03159]\]. Along similar lines, when the toxicity of DMSA-coated and unfunctionalized MNPs (fresh and aged uncoated IONP) was tested on three aquatic organisms, namely green algae (*Raphidocelis subcapitata*), duckweed (*Lemna minor*) and water fleas (*Daphnia magna*), the results validated the green algae to be the most sensitive with an EC~50~ of 0.86--2.27 μM at 72 h in comparison to daphnia which displayed minor effects iwith uncoated IONPs over a wide concentration range of 1.0 × 10^−6^ to 100 mg/L \[[@B146-molecules-25-03159]\]. Later in another study, the mechanistic role of these NPs was considered after they were provided orally to *Drosophila* (fruit fly) as a model organism. After entering the gut, these NPs crossed the peritrophic membrane and were able to induce apoptosis. This toxicity within the gut resulted in delays in development, decreased pupa counts and fly hatching with weight loss. After the exposure to nanoparticles when adult flies hatched they showed phenotypic as well as genotypic defects such as sensory organs, other body parts and symptoms of impaired larva crawling or adult climbing, respectively. The alteration in the phenotypic as well as behavioral assay after exposure to NPs was attributed to problems in signaling pathways like Notch, Wnt, and estimated glomerular filtration rate (EGFR) \[[@B147-molecules-25-03159]\]. All these study results demand more data on the basis of cell signaling, proteomics and genomics to observe the underlying mechanisms behind the toxicity.

4.4. MNP Toxicity in Vertebrates {#sec4dot4-molecules-25-03159}
--------------------------------

To detect the prenatal exposure of iron oxide MNPs on the basis of dose dependency and surface charge on male and female Crl:CD1(ICR) (CD-1) mice, by exposing them to positively-charged polyethyleneimine-Fe~2~O~3~-NPs (PEI-NPs) and negatively-charged poly (acrylic acid)-Fe~2~O~3~-NPs (PAA-NPs) through intraperitoneal injections at a low and high dose of 10 and 100 mg/kg respectively, observations were performed on gestation days 8, 9 and 10. Consequently, a low dose of MNPs, regardless of charge, did not induce toxicity and high dose exposure led to positive charge-dependent fetal loss as well as morphological alterations of the uteri (both charges) and testes (positive only) of surviving offspring \[[@B85-molecules-25-03159]\]. In another interesting in vivo model studying a chick embryo chorioallantoic membrane model (CAM), Fe~3~O~4~/salicylic acid nanoparticles with different sizes ranging from 60.3 nm and 79.9 nm aqueous dispersion were injected into embryos and after 24 h, the heart, liver, kidney and lungs from embryos were autopsied and prepared for histological analysis. Tissue MNPs deposits were biocompatible with embryos and chickens showing MNPs with 50--100 nm diameter range had no embolic risk after a safe intravenous administration. Also long intravascular persistency showed Fe~3~O~4~/salicylic acid NPs as magnetically good targeting agents \[[@B91-molecules-25-03159]\].

Compared to rodents and chickens, aquatic animals like fish provide a good in vivo model to study the potential toxicity resulting from MNP exposure due to the advantages of easy MNP delivery by waterborne exposure, high biological sample size produced from a single parent to reduce inter-species variation and it can greatly reduce the sacrifice of higher vertebrates to fit the 3R principle. In a study the toxicity of iron oxide nanoparticles was compared with iron salts in blackfish (*Capoeta fusca*). After a series of toxicity studies and chronic exposure to a sub-lethal concentration of Fe~3~O~4~ NPs, and iron salts (ferric nitrate, Fe(NO~3~)~3~; ferric chloride (FeCl~3~) and ferrous sulfate, (FeSO~4~) the authors measured iron uptake over a period of 28 days. The study demonstrated that Fe(NO~3~)~3~ was the most acutely toxic compound, followed by FeCl~3~, FeSO~4~, and Fe~3~O~4~ NPs. Exposure to Fe~3~O~4~ NPs and iron salts caused histopathologic abnormalities in both gills and intestine that included aneurism, hyperplasia, edema, fusion of lamellae, lamellar synechiae, and clear signs of necrosis (in the gills) and increases in the number of goblet cells, blood cell counts, and number of lymphocytes in the intestine cells. Fe~3~O~4~ NPs showed a higher level of uptake in the body tissues compared with iron salts (*p* \< 0.05) with levels of Fe in the gill \> intestine \> liver \> kidney. Fe was shown to be eliminated most efficiently from the gills, followed by the kidney, then liver and finally the intestine. The highest tissue bioconcentration factors (BCF) occurred in the liver for FeCl~3~, Fe~3~O~4~ NPs, and FeSO~4~ and in the gills for Fe(NO~3~)~3~ \[[@B148-molecules-25-03159]\].

In a recent study, Malhotra and colleagues discovered that bare Fe~3~O~4~ MNPs (15 nm) exposure can trigger behavioral and biochemical alterations in zebrafish. They incubated adult zebrafish with either low dose (1 ppm) or high dose (10 ppm) bare Fe~3~O~4~ MNPs for 14 days and discovered no significant abnormalities at behavioral and biochemical levels in the low concentration group, whereas, significant changes in aggressiveness, speed, and locomotion behavior coupled with substantial changes in neurotransmitters and stress hormones were induced in the brains when zebrafish were challenged with high dose of Fe~3~O~4~ MNPs \[[@B80-molecules-25-03159]\]. Next, Malhotra and colleagues further tested the idea whether the toxicity of bare Fe~3~O~4~ MNPs can be reduced if their surface was coated with inert substances like carbon. By comprehensive behavioral, biochemical and dimensional reduction assessments, they provided solid evidence to support the notion that surface modification of Fe~3~O~4~ MNPs by carbon coating indeed can increase their biosafety in vivo \[[@B103-molecules-25-03159]\].

In a study MNPs with two distinctive cores of ferrite and manganese ferrite were used to study the toxicity effects in vitro as well as in vivo. Both these MNPs cores were pegylated and two size ranges of 3 nm and between 14--20 nm were generated. 90% cell viability was maintained at a concentration of 50 $µ$g/mL in an in vitro assay in mouse microglia cell line N13., whereas on exposure to zebrafish embryos manganese-based MNPs showed a low survival rate of \<50% at a concentration of 100 $µ$g/mL indicating toxicity in comparison to no mortality and normal hatching observed in the case of iron oxide MNPs. Based on these similar physiochemical and magnetic properties, PEGylated iron oxide MNP (20 nm) in cubic shape was selected to be further studied in male Balb/c mice, via tail vein injection at a concentration range of 5 mg/kg body weight. This experiment resulted in no toxicity and good MRI contrast \[[@B101-molecules-25-03159]\]. The screening of MNPs toxicity on inexpensive and pertinent zebrafish embryos model in this study emphasized zebrafish suitability to establish parameters to study on expensive mice model. Along similar lines, green synthesis of MNPs (Fe~2~O~3~) was attained using spinach (*Spinacia oleracea)* leaves of 100--250 nm in size and then zebrafish embryos were exposed to the MNPs 8 hpf--7 dpf at a concentration range of 1, 5, 10, 50 and 100 mg/L. This Fe~2~O~3~ caused a decrease in embryo motility, delays in hatching rate and mortality in the early life stages in zebrafish embryos. The estimated LC~50~ value was 10 mg/L, while most developmental toxicity happened between the 50--100 mg/L concentration range. The authors of the paper suggested NP aggregation as the major cause of toxicity as particles remained undissolved in water, saline and PBS where they can aggregate to obstruct the embryonic chorion pores and stop the exchange of dissolved oxygen and other nutrients \[[@B149-molecules-25-03159]\]. A recent study of MNP toxicity in chicken embryos at a dose range of 10, 25, 50, 100 and 200 $µ$g/mL indicated 100% mortality at 200 $µ$g/mL due to the overloading of Fe^2+^ ions. Decrement in whole weight and crown rump length of chicken embryo at a concentration of 50--100 $µ$g/mL due to NPs-albumin interactions was suggested. Based on the fact that these NPs have the ability to cross the blood brain barrier the histology of brain tissue samples was examined where at 10--100 $µ$g/mL, 50--60% degeneration of neurons was observed. This paper suggested the testing of these NPs into various animal models before coming up with point of reference for use in biomedical applications \[[@B150-molecules-25-03159]\].

In the next study, the toxicity and metabolization of DMSA-, citric acid- and PEG-coated single core and multicore MNPs were analyzed for their toxicological properties. For in vitro analysis, human hepatocellular carcinoma (Hep G2) and human colorectal adenocarcinoma (Caco-2) cells and a amphibian (*Xenopus laevis*) model during its embryo development were used. Up to a concentration of 160 μg/mL, the cell lines remained intact. Neither single core nor multicore MNPs were found to be lethal in vivo, but size-dependent differences in uptake and deposition of the nanoparticles was seen, where single core NPs were absorbed 3--5 fold more for doses of 0.5 and 1 mg/mL in comparison to multicore NPs. The biodegradation of these NPs and metabolization in the early developmental stage is important to understand the toxicity parameters, hence this study suggested vertebrate models like *Xenopus laevis*, for consideration as they may offer quick, inexpensive and high-quantity substitutes prior to toxicity evaluation of nanotherapeutics in rodent models \[[@B151-molecules-25-03159]\]. In another study, the toxicity and biodegradation of ZnxFe~3~O~4~ was studied in vitro on mammalian cell lines (Calu-3, Caco2, Raw 264.7 and MDCK and Hep G2 cell lines) as well as in vivo on a *Xenopus laevis* embryo model. Zn-Fe~3~O~4~ revealed non-toxic results in mammalian cell lines, maintaining cell viability and moderate toxicity in Raw 264.7 and MDCK cell lines at a NP concentration of 1 mg/mL. In the in vivo study, abnormal phenotypes were identified, with swollen and deformed gastrointestinal tracts. At short term exposure of 72 h predominant absorption of NPs was observed, with overexpression of metal response proteins and metal transporters, whereas after long term exposure of 120 h the upregulated genes involved in metal accumulation returned to basal levels for both iron and zinc in the body, which primarily suggests that at the long term exposure stage, the nanoparticle absorption process is much less because of underlying processes of metabolism, distribution and excretion \[[@B152-molecules-25-03159]\].

In another examination, the toxicity of magnetic iron oxide (MION) nanoparticles made along with the carob leaf extract was evaluated, where they were incorporated in certain brain areas of Wistar rats together with carob leaf extracts. Thirty rats were randomly divided into two main groups: control group and MIONs-treated group (15 rats in each group, six rats of each group were used for iron content measurements by inductively coupled plasma-optical emission spectrometry (ICP-OES), while nine rats of each group were used for biochemical analysis and histopathology examination; the right half of each brain sample was used for biochemical analysis while the left half of each brain sample was used for histopathology examination. The rats of the MIONs-treated group received a single i.v. injection with MIONs with a dose of 10 mg/kg. Animals of the control group received an i.v. injection with saline of the same volume as the treated group. Although no remarkable body weight changes were observed, the hippocampus and striatum area of the brain demonstrated neuronal degeneration caused by the magnetic iron oxide nanoparticles. In addition, the magnetic iron oxide nanoparticles also caused disruption of iron heomeostasis in striatum and midbrain by decreasing iron content \[[@B153-molecules-25-03159]\].

In an interesting study to test the biocompatibility of MNPs prostate specific membrane antigen (PSMA)-coated MNPs were conjugated with J591 antibody to the extracellular epitope of PSMA were done to enhance MRI of prostate cancer. In vitro enhanced cellular iron uptake was observed with no effect on prostate cancer cell viability, whereas, specific binding to PSMA-J591 MNP was found when studied in vivo in orthotopic tumor-bearing NOD/SCID mice for 2 h and 24 h via an intravenous injection. An improved MRI contrast for tumors was observed, in turn enhancing the localization/detection of prostate cancer \[[@B89-molecules-25-03159]\]. In another study, intravenous administration of sub-lethal doses (equivalent to 0.1, 1 and 10% of LD~50~) Na-oleate-coated Fe~3~O~4~ (OC-Fe~3~O~4~) NPs on liver structure was detected on female Wistar rats (8 weeks), at a concentration range of 0.0364, 0.364 and 3.64 mg Fe~3~O~4~/kg body weight. The samples were obtained at 24 h, 1, 2 and 4 weeks-post injection for significant effects. In the results some disturbances of liver antioxidant enzymes were observed after 1-week post exposure with glutathione peroxidase (GPx) and glutathione *S*-transferase (GST) being most sensitive, whereas, mitochondrial respiration increased after 2 weeks after injection with 10% OC-Fe~3~O~4~. In the histological sections of liver later, mild necrosis and lipidosis changes in sinusoid space were observed. Overall, the observation in the data suggested that the functional integrity of liver was maintained under sub-lethal doses of OC-Fe~3~O~4~ NPs with mild tissue injury \[[@B154-molecules-25-03159]\]. In another study 10 weeks old pregnant female Wistar mice were used to study the toxicity of MNPs towards neonatal liver at three different embryonic ages using immunohistochemical and histochemical techniques. As drug delivery through vagina for treating neonatal disease is a new technique here MNPs were introduced through the vagina of pregnant mice at days 12, 15 and 17 after fertilization. MNPs in the neonatal liver parenchyma were observed at day 20. MNPs also caused lymphatic infiltration, cytoplasmic vacoulation and mild apoptosis of hepatocytes in the neonatal liver at day 15. Also, increases in production of caspase 3 proteins and tumor necrosis factor receptor-2 (TNFR-2) proteins (indicator of apoptosis), collagen fibers and connective tissue growth factor (CTGF) protein at day 15 were observed, depicting abnormalities caused by MNPs. Overall, the paper concluded mild toxicity of MNPs to the neonatal liver, hypothezing that MNPs can pass in embryo blood or lymphatic circulation and accumulate in embryonic liver \[[@B155-molecules-25-03159]\]. Later on an in vivo analysis of acute toxicity of CoFe~2~O~4~ NPs (40 nm) in zebrafish larvae at a concentration range of 10-500 µM for 96 h, yielded results in a time and dose dependent manner with hatching delay, mechanical damage to membranes, and severe apoptosis of cells in the head, heart and tail region. The biochemical markers studied confirmed ROS-induced acute toxicity with increase in concentration, and inhibition of catalase (CAT) activity. Increase in glutathione-s-transferase (GST) and acid phosphatase (AP) at low concentration of CoFe~2~O~4~ NPs also resulted in oxidative stress \[[@B86-molecules-25-03159]\]. A summary of bare and surface-modified iron oxide MNPs' in vitro and in vivo toxicity has been compiled in [Table 1](#molecules-25-03159-t001){ref-type="table"}.

5. Conclusions and Future Directions {#sec5-molecules-25-03159}
====================================

MNPs have been established for multifunctional applications. They offer an immense possibility of surface modification using various biocompatible, bioactive materials, ligands, and antibodies to name but a few. Following these desirable features MNPs can be targeted, controlled and monitored to optimize the required therapeutically measures. However, toxicity concerns prevent the adoption of MNPs in clinical treatments till now. This gap in the toxicity evaluation is the major concern to collect data and set the safety limits for practical usage of these MNPs in health care industries. Therefore, significant amount of works needs to be analyzed for efficient outcomes both in vitro and in vivo.

An in vitro model for toxicity study is essential for estimation of the amount of dosage and concentration required to be tested further in an in vivo platform to allow correlations between findings. Fe~3~O~4~ MNPs at 25 µg/mL concentration caused damage in vitro THP-1 cells, and in accordance to apoptosis in vivo rat model, at a concentration of 12 mg/kg \[[@B79-molecules-25-03159]\]. Similarly, for in vitro cytotoxicity analysis when a lactate dehydrogenase (LDH) assay was performed in a BeWo b30 placental barrier model, all concentrations of uncoated Fe~3~O~4~ released LDH except 3 µg/cm^2^ after 24 h exposure and LDH levels were elevated from cells treated with uncoated Fe~3~O~4~ at 75 and 15 ug/cm^2^ representing a significant time-dependent increase of toxicity at high concentrations of 15 and 75 µg/cm^2^ for uncoated Fe~3~O~4~, but not for OC-Fe~3~O~4~ MNPs \[[@B82-molecules-25-03159]\]. In a zebrafish system, Malhotra and colleagues also found that carbon-coated Fe~3~O~4~ MNPs displayed superior biosafety compared to uncoated ones based on neurobehavioral and biochemical assays \[[@B80-molecules-25-03159]\]. All these phenomena indicate that a lot of factors are involved in understanding the toxicity on a cellular and organism basis depending on dosage, concentration, time, surface chemistry, cell type, interaction medium, internalization mode, which need very elaborate studies to understand the fundamental mechanism properly in accordance to be able to use the MNPs in healthcare. The contradictions amongst in vitro and in vivo findings might be attributed to the issue of MNP surface modification. Different studies have suggested the use of intended biomaterials declaring safe them for an in vivo usage. An in vitro study can clarify the uptake, toxicity, cell medium interaction and cell-moment analysis of MNP up to a level of single cell track precision, and therefore the relevant parameters can be mimicked in in vivo studies to a closer extent for successful results and conclusions.

Toxicity can arise due to different means, through toxicity of the precursors used for MNP preparation, through disturbances of the ongoing cellular mechanisms and through the normal functioning of the body cycle inside an organism. In previous studies it has been observed that similar MNPs can pose different toxicities in different study models. To better understand the underlying mechanism, multi-omics studies using proteomics, genomics and metabolomics are required which can help assess the toxicity of these MNPs at precise levels. The better usage and safety limits of MNPs are very important to understand their fate, performance and toxicity. Therefore, in this review we have collected the research from the latest development in the field of evaluation of MNPs toxicity and conclude that a lot more studies are still required to be done, to bring light to this topic with reliable data for usage in practical medical applications. Also, approaches like metabolomics, proteomics and genetics studies should be performed simultaneously to understand the basis of differences in cytotoxicity in different cell lines and organisms. It is also worth noting that this review article is largely focused on an eco-nanotoxicological point of view. Further reviews to distinguish between the toxicity of nanoparticles administered in a precise manner to exert a therapeutic or diagnostic effect, from the toxicity derived from accidental exposition of the animal should be addressed.
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![Characteristic properties of magnetic nanoparticles (MNPs). Physical properties like particle size, solubility, surface chemistry, shape, concentration, and chemical composition, determined at a broad scale to analyze subsequent toxicity caused by them in cell lines (normal/contaminated) and model organisms are summarized in the left panel (highlighted by blue color). The procedures to observe the underlying mechanism of toxicity, immunogenicity, metabolism, bioavailability and biodegradation under different parameters for designing MNPs more specifically for biomedical applications safely are summarized in the right panel (highlighted in orange color). See the [Table 1](#molecules-25-03159-t001){ref-type="table"} summary for detailed literature citations.](molecules-25-03159-g001){#molecules-25-03159-f001}

![Potential toxicity effects of magnetic nanoparticles (MNPs) collected from in vitro and in vivo experiments. The common strategies for risk assessment for MNPs, including cell culture, zebrafish, chicken and rodents are summarized in the central yellow panel. The potential toxicity effects of MNPs have been categorized by mechanism, such as inhibition of cellular proliferation, temporary/absolute cell cycle cessation, DNA genotoxicity, damage of cellular components and aggregation to blocking of cell membranes on a cellular level. Some studies have reported MNPs' toxicity effects on a whole organism level and elaborated the interactions of MNPs inside the body (see the summary in [Table 1](#molecules-25-03159-t001){ref-type="table"} for detail literature citations).](molecules-25-03159-g002){#molecules-25-03159-f002}
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Summary of iron oxide magnetic nanoparticle (MNPS) toxicity. Extensive amount of work is going on in area of toxicity studies of MNPs in various different combinations with appropriate enhancement with ligands, antibodies, polymeric coating, green synthesis, infusion of drug, hyperthermia application and external magnetic control with retention in superparamagnetism to be able to detect and direct MNPs at desired location. With many papers coming up each year in the field we have compiled a list of papers from year 2015--2019 to indicated the different types of (iron oxide) MNPs used in different kind of models recently to study the toxicological response of these MNPs.

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Type of MNPs                                                 Size and Shape of Tested MNPs                Model Organism (In Vitro or in Vivo Test)                                                               Method of Toxicity Analysis                                                              Treatment Condition (Time and Dose)                                                                                                   Results                                                                                                                                                                                                 Ref.
  ------------------------------------------------------------ -------------------------------------------- ------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------
  **Uncoated Magnetic Nanoparticles (MNPs)**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

  **Bare Fe~3~O~4~-MNPs**                                      72.6  ±  0.6 nm spheroid                     THP-1 cells and female CD(R) IGS rats                                                                   Biochemical marker in rat blood after treatment                                          In vitro: 100, 800 and 1600 μg/mL 24 h\                                                                                               Fe~3~O~4~-MNPs cytotoxicity in erythrocytes in vitro and in vivo                                                                                                                                        \[[@B79-molecules-25-03159]\]
                                                                                                                                                                                                                                                                                                             In vivo: 12 mg/kg/intravenous injection 6 days                                                                                                                                                                                                                                                                                                

  15 nm                                                        Adult zebrafish                              Behavioral and biochemical assessment in adult zebrafish                                                14 days waterborne incubation at 1 and 10 ppm                                            Uncoated MNPs exhibited behavior and biochemical safety at 1ppm but display neurobehavioral toxicity at 10 ppm                        \[[@B80-molecules-25-03159]\]                                                                                                                                                                           

  15 nm and 225 nm spherical                                   A549 cells and Male Balb/c mice              Cell viability assay                                                                                    In vitro:10--80 μg/mL\                                                                   Magnetic nanomaterials did not indicate inherent toxicity                                                                             \[[@B81-molecules-25-03159]\]                                                                                                                                                                           
                                                                                                                                                                                                                    In vivo: Subcutaneous injection of 2 × 10^6^ cells suspended in 100 µL PBS                                                                                                                                                                                                                                                                                                                                                             

  **Surface coated/modified MNPs**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

  **(OC-Fe~3~O~4~) NPs**\                                      8 nm, 25 nm and 50 nm                        BeWo b30 placental barrier model                                                                        Lactase dehydrogenase (LDH) in cell culture                                              4, 24 or 48 h\                                                                                                                        Iron oxide MNPS triggers cytotoxicity at lower doses and shorter exposure compared with silica NPs                                                                                                      \[[@B82-molecules-25-03159]\]
  **(Fl-SiO~2~)**                                                                                                                                                                                                                                                                                            75, 15, 3, 0.6 and 0.12 µg/cm^2^                                                                                                                                                                                                                                                                                                              

  **CSO-INPs**                                                 6 ± 1.2 nm 8 ± 2.7 nm                        HeLa, A549 and HeK293 cells                                                                             MTT assay                                                                                24, 48 and 72 h 0.5, 2, 4 μg/µL                                                                                                       INPs triggers toxic effects in Hek293, A549 and Hela cells in comparison to CSO-INPs                                                                                                                    \[[@B83-molecules-25-03159]\]

  **L14\@Fe~3~O~4~**\                                          11 ± 3 nm\                                   HeP G2 cells                                                                                            MTT assay                                                                                24 and 48 h\                                                                                                                          Cytotoxicity of naked SPION increased in relation to increasing concentration                                                                                                                           \[[@B84-molecules-25-03159]\]
  **L4\@Fe~3~O~4~**\                                           7 ± 2 nm\                                                                                                                                                                                                                                     1--500 μg/mL                                                                                                                                                                                                                                                                                                                                  
  **Gly\@Fe~3~O~4~**                                           9 ± 2 nm\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
                                                               spherical                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

  **Fe~2~O~3~-NPs**\                                           28--30 nm                                    Male and female Crl:CD1(ICR) (CD-1) mice                                                                Dams: gestation period of toxicity\                                                      Gestation day 8, 9, or 10\                                                                                                            A low dose of NPs, regardless of charge, did not induce toxicity; high exposure led to charge-dependent fetal loss                                                                                      \[[@B85-molecules-25-03159]\]
  **PEI-NPs**\                                                                                                                                                                                                      Cesarean: Histopathology analysis                                                        low dose:10 mg/kg\                                                                                                                                                                                                                                                                                                                            
  **PAA-NPs**                                                                                                                                                                                                                                                                                                high dose:100 mg/kg                                                                                                                                                                                                                                                                                                                           

  **(HLC) Fe~3~O~4~ NPs**                                      8.4 nm spherical                             NIH3T3 cells                                                                                            FluoStar Optima microplate reader                                                        24 h\                                                                                                                                 Reduced toxicity towards normal cells, enhancing the potential of magnetic hyperthermia in cancer treatment                                                                                             \[[@B86-molecules-25-03159]\]
                                                                                                                                                                                                                                                                                                             25 to 250 μg/mL                                                                                                                                                                                                                                                                                                                               

  **DMSA-SPION**                                               15 nm                                        MCF-7 cells                                                                                             MTT assay\                                                                               1 h--72 h\                                                                                                                            MCF-7 accumulated NPs without effect on cell morphology, ROS generation and cell viability                                                                                                              \[[@B87-molecules-25-03159]\]
                                                                                                                                                                                                                    Trypan blue exclusion test                                                               0.4 mg/mL                                                                                                                                                                                                                                                                                                                                     

  **Dox-gold coated MNPs**\                                    MNP: 10 nm\                                  Ehrlich ascites carcinoma cells injected intraperitoneally into female Balb/c mice                      Histological examination\                                                                20 mice group\                                                                                                                        Best therapeutic anti-cancer activity and lowest systemic toxicity compared to free DOX                                                                                                                 \[[@B88-molecules-25-03159]\]
  **MGNPs-DOX-M-group**                                        MGNPs: 22 nm spherical                                                                                                                               Tumor size\                                                                              10 mg/kg/group\                                                                                                                                                                                                                                                                                                                               
                                                                                                                                                                                                                    (AST, ALT, CK-MB, LDH)                                                                   external application of neodymium--iron--boron magnetic disc (1.14 T) at tumor site for 3 h                                                                                                                                                                                                                                                   

  **PLGA NPs sorafenib SPION**\                                205 ± 3 nm spherical                         BEL7402 cancer cells                                                                                    MTT assay\                                                                               72 h\                                                                                                                                 Concentration dependent cytotoxicity in BEL7402 cancer cells                                                                                                                                            \[[@B89-molecules-25-03159]\]
  **SRF/FA-PEG-PLGA NP**                                                                                                                                                                                            Apoptosis assay\                                                                         10 and 40 mg iron/mL                                                                                                                                                                                                                                                                                                                          
                                                                                                                                                                                                                    Anticancer efficacy                                                                                                                                                                                                                                                                                                                                                                                                                    

  **Starch- Fe~3~O~4~ MNPs**\                                  100 nm                                       Rat PC 12 cells (ATCC)                                                                                  Cell-viability assay                                                                     1 h--72 h\                                                                                                                            Uncoated- Fe~3~O~4~ MNPs maximum interaction and entered inside cell with no cytotoxic effect                                                                                                           \[[@B90-molecules-25-03159]\]
  **Dextran-Fe~3~O~4~ MNPs**                                                                                                                                                                                                                                                                                 0.01--0.5 mg/mL                                                                                                                                                                                                                                                                                                                               

  **Fe~3~O~4~/salicylic acid NPs**                             MNPs 33--277.9 nm\                           chick embryo chorioallantoic membrane model (CAM)                                                       Morphological analysis                                                                   24 h\                                                                                                                                 50--100 nm diameter range MNPs had no embolic risk, on a safety intravenous administration. Tissue MNPs deposits were biocompatible with embryos and chicken                                            \[[@B91-molecules-25-03159]\]
                                                               Embryos injected: 60.3 nm and 79.9 nm MNPs                                                                                                                                                                                                    Autopsied to harvest embryo viscera (heart, kidney, liver, and lung).\                                                                                                                                                                                                                                                                        
                                                                                                                                                                                                                                                                                                             0.15 mL MNPs                                                                                                                                                                                                                                                                                                                                  

  **PEI-MNP**                                                  Not available                                Human neuroblastoma SH-SY5Y cells\                                                                      Quantitative/qualitative flow cytometry of apoptosis and necrosis                        External hyperthermia (EHT), Magnetic hyperthermia (MHT)                                                                              A maximum difference in cytotoxicity approximately 45% was observed at T~0~ = 46 °C.                                                                                                                    \[[@B92-molecules-25-03159]\]
                                                                                                            (ATCC CRL-2266)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

  **AA coated IONPs**                                          3.98, 4.09, 3.41, 4.32, 2.35 nm globular     HFF2 cell lines                                                                                         MTT assay                                                                                72 h\                                                                                                                                 IONPs were biocompatible and nontoxic with the cell line HFF2                                                                                                                                           \[[@B93-molecules-25-03159]\]
                                                                                                                                                                                                                                                                                                             0.049, 0.073, 0.110, 0.165, 0.248 and 0.373 mg/mL                                                                                                                                                                                                                                                                                             

  **Multifunctional MNPs**\                                    109 ± 1 nm                                   CD47-positive pancreatic cancer cells                                                                   Resazurin dye                                                                            24 h\                                                                                                                                 Cytotoxic activity of the multifunctional Nano formulation is not increased in the in vitro studies                                                                                                     \[[@B94-molecules-25-03159]\]
  **Anti-CD47 antibody** **Gemcitabine**                                                                                                                                                                                                                                                                     Free Gem (0.1, 0.4 and 1 µM)\                                                                                                                                                                                                                                                                                                                 
                                                                                                                                                                                                                                                                                                             MNP-Gem and MNP Gem-anti-CD47 (0.2 mg Fe/mL, 4.8 µM Gem, Ab 20 μg/mg Fe)                                                                                                                                                                                                                                                                      

  **Rosi-MNPs**\                                               21 ± 4 nm                                    Magnet and Sham mice                                                                                    MTT assay                                                                                24 h\                                                                                                                                 Al-MNPs only caused a significant reduction in cell viability at 500 μg/mL                                                                                                                              \[[@B95-molecules-25-03159]\]
  **Al-MNPs**\                                                                                                                                                                                                                                                                                               48 h\                                                                                                                                                                                                                                                                                                                                         
  **Un-MNPs**                                                                                                                                                                                                                                                                                                0.5, 5, 50, and 500 μg/mL                                                                                                                                                                                                                                                                                                                     

  **MTX**\                                                     43.72 ± 4.73 nm                              MCF-7 cell lines                                                                                        MTT assay                                                                                48 and 72 h\                                                                                                                          MTX-conjugated NPs: reduction in cellular viability in human breast cancer (MCF-7) cells compared to free MTX over time                                                                                 \[[@B96-molecules-25-03159]\]
  **F-Lys-MTX NPs**                                                                                                                                                                                                                                                                                          100 mL                                                                                                                                                                                                                                                                                                                                        

  **F\@Tyr NPs**\                                              22.19 ± 3.58 nm                              HEK-293\                                                                                                Hemolysis test and MTT assays                                                            72 h\                                                                                                                                 Cytotoxicity study, F\@Tyr\@TMX NPs exhibited more cytotoxic effects than free TMX                                                                                                                      \[[@B96-molecules-25-03159]\]
  **F\@Tyr\@TMX NPs**                                                                                       MCF-7 cells                                                                                                                                                                                      F\@Tyr NPs, Bare Fe~3~O~4~ 0.025, 0.05, 0.1, 0.2, 0.4 and 0.8 mg/mL                                                                                                                                                                                                                                                                           

  **IONPs-PEG**\                                               10--30 nm                                    SKOV-3 RAW 264.7\                                                                                       LDH assay, Hemolysis, ROS, MMP Cell cycle analysis, in vivo bio-distribution, toxicity   Hemolysis: 200 µL, 4 h.\                                                                                                              No obvious toxicity was found for PEGylated IONPs in BALB/c mice, whereas PEI-coated IONPs exhibited dose-dependent lethal toxicity                                                                     \[[@B97-molecules-25-03159]\]
  **IONPs-PEI**\                                                                                            Nude mice\                                                                                                                                                                                       In vivo biodistribution: dose of 1.5 mg Fe/kg. In vivo toxicity: 1.5, 2.5, or 5 mg/kg                                                                                                                                                                                                                                                         
  **SEI-10**\                                                                                               BALB/c mice                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
  **SMG-10**\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
  **SMG-30**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

  **F\@BSA\@CURNPs**                                           56 ± 11.43 nm, spherical                     HFF2\                                                                                                   Cell viability by MTT assay                                                              72 and 96 h\                                                                                                                          F\@BSA\@CUR NPs had much higher cytotoxicity against MCF7 cells                                                                                                                                         \[[@B98-molecules-25-03159]\]
                                                                                                            MCF-7 cells                                                                                                                                                                                      Serial dilution 15--950 µM                                                                                                                                                                                                                                                                                                                    

  **CS-DX-SPIONs**                                             55 nm round shape                            In vitro: Rat C6 glioma, human U87 glioma, and human cervix carcinoma HeLa cells and Male Wistar rats   Histology analysis                                                                       24 h\                                                                                                                                 Increase in surface charge of the NPs due to the chitosan coating enhanced the intracellular uptake of particles and thus increased their cytotoxic activity.                                           \[[@B99-molecules-25-03159]\]
                                                                                                                                                                                                                                                                                                             In vitro: 1, 10, 50, and 150 μg/mL\                                                                                                                                                                                                                                                                                                           
                                                                                                                                                                                                                                                                                                             1, 3, 6, 12 intravenous injections of PBS via tail vein; DX-SPIONs (Fe concentration of 2.5 mg/kg); CS-DX-SPIONs (Fe at 2.5 mg/kg).                                                                                                                                                                                                           

  **Asparaginase enzyme-immobilized on APTES modified MNPs**   50--100 nm                                   In vitro: Reduction of acrylamide in food model system                                                  Deactivation rate constant (K~d~) of free and immobilized enzyme                         Five cycles of pretreatment                                                                                                           It was found to be more than three-fold increase their thermal stability from free enzyme and retained 90% activity after fifth cycle                                                                   \[[@B100-molecules-25-03159]\]

  **MnFe~2~O~4~**\                                             3--20 nm                                     Mouse microglial cell line N13 and Zebrafish embryos\                                                   Teratogenicity assay                                                                     In vitro: 0.1 to 100 μg/mL\                                                                                                           No significant cytotoxicity, till 24 h; No mortality or malformations were observed in the embryos exposed to different doses of particles at 48 hpf. At 100 μg/mL high percentage of mortality 6 dpf   \[[@B101-molecules-25-03159]\]
  **MnFe1**\                                                                                                Male Balb/c mice                                                                                                                                                                                 In vivo: 0.01, 0.1, 1, 10, 100 μg/mL\                                                                                                                                                                                                                                                                                                         
  **MnFe2**                                                                                                                                                                                                                                                                                                  In vivo: Fe 1, Fe 2. PEGylated Cubic (20 nm)                                                                                                                                                                                                                                                                                                  

  ***n*-octyltriethoxysilane coated-MNPs**                     17.9 ± 3.9 nm\                               PC12 and ReN cell VM                                                                                    Cell Viability LIVE/DEAD Staining\                                                       24 h\                                                                                                                                 Coated MNPs decreased cytotoxic effects; Significant differences in toxicological profiles in two mammalian cell lines                                                                                  \[[@B102-molecules-25-03159]\]
                                                               18.7 ± 4.4 nm                                                                                                                                        Prussian Blue and Nuclear Fast Red Staining                                              4, 8, 16, and 32 µg                                                                                                                                                                                                                                                                                                                           

  **Carbon-coated MNPs**                                       24 nm                                        Adult zebrafish                                                                                         Multiple behavioral and biochemical tests                                                1 and 10 ppm exposure for 14 days                                                                                                     Carbon-coated MNPs can significantly enhance its biosafety by reducing neurobehavioral toxicities compared to the bare MNPs                                                                             \[[@B103-molecules-25-03159]\]
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